To promote faithful propagation of the genetic material during sexual reproduction, meiotic chromosomes undergo specialized morphological changes that ensure accurate segregation of homologous chromosomes. The molecular mechanisms that establish the meiotic chromosomal structures are largely unknown. We describe a mutation in a recently identified Histone H2A kinase, nhk-1, in Drosophila that leads to female sterility due to defects in the formation of the meiotic chromosomal structures. The metaphase I arrest and the karyosome, a critical prophase I chromosomal structure, require nucleosomal histone kinase-1 (NHK-1) function. The defects are a result of failure to disassemble the synaptonemal complex and to load condensin onto the mutant chromosomes. Embryos laid by nhk-1 −/− mutant females arrest with aberrant polar bodies and mitotic spindles, revealing that mitosis is affected as well. We analyzed the role of Histone H2A phosphorylation with respect to the histone code hypothesis and found that it is required for acetylation of Histone H3 and Histone H4 in meiosis. These studies reveal a critical role for histone modifications in chromosome dynamics in meiosis and mitosis.
Chromosomes have three primary functions: to store genetic information, to enable gene expression, and to ensure faithful propagation of the genetic material to future generations. These diverse functions impose unique structural requirements and are reflected by the dramatic structural changes that the chromosomes undergo. In interphase, the chromosomes are decondensed, corresponding to open chromatin accessible for transcription. During mitosis, the chromosomes are condensed into rigid rods amenable to efficient transport to daughter cells. The molecular mechanisms that regulate chromosome dynamics are complex and not completely understood.
Sexual reproduction introduces additional challenges to chromosomes. Meiosis is a specialized cell division program that produces haploid gametes (oocytes and sperm) from diploid progenitors (for recent reviews, see Champion and Hawley 2002; Marston and Amon 2004) . This is accomplished through two chromosomal segregation events, meiosis I and meiosis II, without an intervening DNA replication. To accommodate the specialized processes that occur during gametogenesis, meiotic chromosomes undergo specific morphological changes. In prophase of meiosis I, recombination occurs during which homologous chromosomes exchange genetic material. The synaptonemal complex (SC) is a protein lattice that runs along the length of the homologous chromosomes and stabilizes their pairing (Page and Hawley 2004) . During recombination, double-strand break (DSB) formation and repair generate hybrid chromosomes, contributing to genetic diversity and allowing proper chromosome segregation by providing a physical link between homologs via chiasmata.
Subsequent to recombination in all metazoans, the oocytes remain in a prolonged prophase I that facilitates coordination of meiosis with development (Spradling 1993; Orr-Weaver 1995) . During this time, the oocytes grow and accumulate nutrients essential to the embryo following fertilization. In the prophase I arrest in Drosophila, the chromosomes partially condense and form a characteristic structure within the oocyte nucleus, called a karyosome. Although the function of the karyosome is not clear, similar prophase I chromosomal arrangements are conserved among diverse organisms and may keep the chromosomes in close proximity to each other within the large volume of the oocyte nucleus (Gruzova and Parfenov 1993) . The exact role of the karyosome and the mechanism by which it is formed remain exciting unanswered problems.
Another meiosis-specific chromosomal arrangement is the arrest at metaphase of either meiosis I (in insects) or meiosis II (in vertebrates) in preparation for fertilization. In Drosophila, upon release of the prophase I arrest, the oocyte chromosomes organize a spindle, remaining aligned at the metaphase I plate until ovulation (Theurkauf and Hawley 1992; Page and Orr-Weaver 1997) . Upon ovulation, the metaphase I arrest is released, and meiosis resumes and proceeds to completion as the egg is fertilized and deposited. Proper completion of meiosis results in the formation of the polar body and establishment of the initial mitotic spindle in the embryos. The polar body, also called a rosette due to the characteristic arrangement of the chromosomes, forms from the condensed, unused meiotic products. Rosette formation is an excellent diagnostic for proper completion of meiosis. The fourth meiotic product, the female pronucleus, migrates to the male pronucleus, forming the first mitotic spindle and the zygotic genome. Proper regulation of meiosis-specific chromosomal dynamics is essential to the formation of viable gametes and offspring. Yet the molecular mechanisms that govern meiotic chromosome dynamics and architecture are poorly understood.
Major contributors to the diversity of chromosome structure are the chromosomal protein components, including the histones (Kornberg and Lorch 1999) . Histones are subject to a variety of post-translational modifications, primarily at their N-terminal tails (Zhang and Reinberg 2001; Carrozza et al. 2003; Fischle et al. 2003a,b) . Histone modifications affect all aspects of chromosome biology, including transcription, replication, recombination, and condensation, by affecting chromosome structure and by recruiting specific chromatin-binding proteins. The correlation between histone acetylation and transcriptional activity is one of the better understood functions of histone modifications (Eberharter and Becker 2002) . Histone H1 and Histone H3 phosphorylation during prophase and metaphase of mitosis is associated with chromosome condensation through an unknown molecular mechanism (Hsu et al. 2000) . Methylation of Histone H3 Lys 9 recruits chromodomain-containing proteins, such as heterochromatin protein 1 (HP1) (Lachner et al. 2001) , while acetylation of histones recruits bromodomain-containing proteins (Dhalluin et al. 1999; Winston and Allis 1999; Zeng and Zhou 2002) . Finally, phosphorylation of the histone variant, Histone H2A.X, or Histone H2Av in Drosophila, on a conserved serine is associated with formation and repair of DSBs during recombination and DNA damage (Rogakou et al. 1999; Mahadevaiah et al. 2001) .
Additional histone modifications, including ones in regions outside the canonical N-terminal tails, have been identified more recently. Phosphorylation of Thr 119 in the C terminus of Drosophila Histone H2A (H2AT119ph) was identified biochemically (Aihara et al. 2004 ), but the biological functions of this modification are unknown. The Thr 119 residue is conserved among Histone H2A homologs, suggesting that it plays an important function. Nucleosomal histone kinase-1 (NHK-1) was shown to be specifically responsible for phosphorylating Histone H2A on Thr 119. NHK-1 is conserved among metazoans, indicating that NHK-1 homologs may function as histone kinases in other systems. Histone H2AT119 phosphorylation and NHK-1 protein were detected in embryos, consistent with a function in mitosis (Aihara et al. 2004) .
In this study, we describe the first mutation in the nhk-1 gene. Through phenotypic analysis of the mutant, we determined the functional requirements for this histone modification in female meiosis. NHK-1 function is required during meiosis, and a mutation in nhk-1 leads to altered architecture of the oocyte chromosomes, including failure to assemble a karyosome, a metaphase I spindle, and a normal polar body. The SC formed normally and DSBs were formed and repaired. Strikingly, the SC failed to disassemble, and condensin failed to load on the oocyte chromosomes in the mutant. Therefore, by starting with a female-sterile mutation in Drosophila, we have gained further insight both into the requirements for chromosomal structure during meiosis and into the function of a histone modification.
Results

Identification of a mutation in nhk-1
The molecular mechanisms of meiosis are poorly understood. To identify new genes required for meiosis, we screened a collection of female-sterile mutants (Koundakjian et al. 2004 ) and identified Z3-0437 because the eggs laid by mutant females were arrested prior to completion of the first mitotic division.
The two chromosomal structures normally present in early embryos had aberrant morphologies in the arrested embryos. In wild-type embryos, the three unused meiotic products condense into a polar body, or rosette (Fig.  1A) , surrounded by a mesh of microtubules (Fig. 1B) . The polar bodies in the embryos laid by mutant females had aberrant configurations of chromosomes and microtubules. In some arrested embryos, the microtubules surrounding the polar body were normal (Fig. 1D ), but the chromosomes within the polar body failed to assemble into a normal rosette (Fig. 1C) . Alternatively, both the chromosomes and the microtubules of the polar body had aberrant morphologies, more closely resembling mitotic spindles, but lacking spindle asters (Fig. 1E,F) .
In wild-type embryos, the fourth female meiotic product, the female pronucleus, migrates to the male pronucleus to establish the mitotic spindle, characterized by spindle asters. Most of the arrested embryos had a single mitotic spindle with asters (Fig. 1H) . However, some chromosomes within the spindle were aberrantly localized to the poles, either due to failure to congress to the spindle plate or due to premature migration to the poles (Fig. 1G, arrows) . We did not observe anaphase or interphase figures in the embryos, indicating a terminal arrest at metaphase. These results suggest that the mutant affects mitosis, or that defects in meiosis result in inability to proceed through the mitotic division in the early embryo.
The presence of a spindle with asters is consistent with the embryos being fertilized because the centrioles that nucleate the asters are provided by the sperm. We confirmed this possibility by mating the mutant females to males that carry a protein component of the sperm tail fused to green fluorescent protein (GFP) (Santel et al. 1997) . We observed GFP-containing sperm tails in the embryos laid by mutant females, showing that the embryos were fertilized (data not shown). Fertilization suggests that the developmental program of the oocyte is unaffected in the mutant and that the phenotype is due specifically to defects in the cell division program. Taken together, the embryonic phenotypes reveal that the gene product mutated in this strain affects proper chromosomal dynamics.
Z3-0437 is a mutation in a histone kinase
To better understand the molecular function of the mutated gene, we determined the chromosomal location of the mutation to the CG6386/bällchen/nhk-1 gene (see Materials and Methods). The nhk-1 gene encodes a protein kinase with homologs in humans, mouse, Xenopus, and Caenorhabditis elegans (Aihara et al. 2004 ). In the Z3-0437 mutant, a single base pair substitution resulted in an amino acid change from Pro 117 to leucine ( Fig.  2A) . Pro 117 is in the kinase domain of NHK-1 and is highly conserved among kinases, suggesting that a mutation in that residue is likely to compromise the kinase activity of NHK-1. The Z3-0437 mutant is the first known mutation in nhk-1 in any organism. In addition to the female-sterile phenotype described here, this allele is also male-sterile, raising the possibility that nhk-1 has a role in the male germline. NHK-1 was previously detected in embryos (Aihara et al. 2004) , suggesting that other alleles could cause lethality.
We used two methods to establish ovarian expression expected for a gene that plays a role in female meiosis. First, in situ hybridization with a probe against the antisense strand showed that the nhk-1 transcript is present in the ovaries at times of egg chamber development, during which the protein would be required for meiosis (Fig. 2B) . The control, sense-strand probe showed a background level of signal (Fig. 2C) . Second, we used an antibody against the NHK-1 protein (Aihara et al. 2004 ) to probe ovarian extracts and found that it is expressed in the ovaries, as would be expected for a protein with a function during meiosis (Fig. 2D, top panel) . The NHK-1 protein levels in ovarian extracts from nhk-1 Z3-0437/Df mutant females showed a slight reduction as compared with control nhk-1 Z3-0437/+ extracts (Fig. 2D) ; thus, the P117L mutation also appears to lead to destabilization of the protein. The bottom panel in Figure 2D shows equal loading using an anti-␣-tubulin antibody.
Given the specificity of NHK-1 in phosphorylating Histone H2AT119 (Aihara et al. 2004 ), the nhk-1 Z3-0437 mutant presented a unique opportunity to dissect the role of a novel histone modification. Therefore, we analyzed its mutant phenotype in detail.
NHK-1 is required during meiosis
To determine whether NHK-1 is required during meiosis, we analyzed mutant ovaries by staining with DNA dye. We used three genetic backgrounds in our analysis:
/nhk-1 Z3-0437 , and (3) nhk-1 Z3-0437 /Df(3R)Tl-I. We identified the Df(3R)Tl-I deficiency in the course of mapping the Z3-0437 mutation, due to its failure to complement the female sterility of Z3-0437 (see Materials and Methods). The deficiency is an important additional genetic tool because it completely removes the nhk-1 gene in an unrelated genetic background, confirming that the observed phenotypes are due to a mutation in nhk-1 and providing a loss-of-function allele. Because the deficiency removes other genes in addition to nhk-1, homozygous animals die early in development, and the defi- Z3-0437 mutant females had one or two additional chromosomal arrangements that represented the female and male pronuclei with the majority of chromosomes at a mitotic spindle plate. Some chromosomes in these spindles failed to align at the plate and were found near the spindle poles (arrows). (H) The microtubules surrounding the aberrant mitotic chromosomes appeared normal and had asters, suggesting that the embryos were fertilized. (I) Normal metaphase I chromosome configuration in control stage 14 oocytes. (J) The chromosomes in nhk-1 Z3-0437 mutant stage 14 oocytes failed to align at a metaphase I spindle and were found in three distinct foci.
ciency was useful only in trans to the nhk-1 point mutation.
We observed two striking mutant phenotypes. First, we observed a defect in the metaphase I arrest in latestage oocytes. In wild-type ovaries, the chromosomes in the oocytes at stage 14 align on the metaphase I spindle, with the nonexchange fourth chromosomes being pulled to the spindle poles (Fig. 1I) . We observed normal metaphase I spindles in 50% of the mutant stage 14 oocytes. In the remaining 50% of the oocytes, the chromosomes were in three distinct foci (Fig. 1J) , suggesting a failure to establish or maintain the metaphase I spindle. This phenotype was identical in both nhk-1 Z3-0437/Z3-0437 and nhk-1 Z3-0437/Df genetic backgrounds. These results show that NHK-1 function is required for establishment or maintenance of the metaphase I arrest.
Second, we observed a defect in formation of the karyosome in the nhk-1 mutant. The karyosome is a chromosomal structure that forms within the oocyte nucleus in prophase I (Fig. 3A) . In the nhk-1 Z3-0437/Z3-0437 mutant, a karyosome formed only in the early stage of oogenesis (stage 3), while in the nhk-1 Z3-0437/Df background a karyosome failed to form at any stage. These observations suggest that the Z3-0437 allele is not a complete loss-of-function. To assist in identification of the oocyte chromosomes in the mutant, we stained the ovaries with antibodies against the cell cycle regulator Cyclin E that fills the oocyte nucleoplasm during prophase I. We found that the chromosomes in the mutant ovaries were at the periphery of the oocyte nucleus and had a beaded appearance (Fig. 3B ). These results imply that NHK-1 function is required for formation and maintenance of the karyosome in the oocyte.
Drosophila egg chambers are composed of three cell types: the somatically derived follicle cells, the germline-derived nurse cells, and the oocyte that undergoes meiosis (Spradling 1993) . Having established that NHK-1 is required in the oocyte, it was of interest to analyze the follicle and nurse cells for any phenotypes. The follicle cells have a characteristic cell division program, starting with several mitotic divisions, followed by endocycles to increase the DNA content, and ending with amplification of four genomic loci (Claycomb and Orr-Weaver 2005) . These characteristic chromosomal dynamics can be visualized by staining the ovaries with BrdU (Calvi et al. 1998; Calvi and Lilly 2004) . We found that the follicle cells in the nhk-1 Z3-0437/Z3-0437 mutant ovaries underwent the transitions from mitosis to endocycles to gene amplification in a manner and timing indistinguishable from their sibling controls (data not shown), suggesting that NHK-1 is not required in the follicle cells. Similarly, the chromosomes in the nurse cells undergo a distinctive transition from polyteny to polyploidy (King 1970 Histone H2A is phosphorylated on T119 in meiosis NHK-1 was shown to specifically phosphorylate Histone H2AT119 in vitro in the context of the nucleosome (Aihara et al. 2004) . Therefore, we hypothesized that Histone H2AT119 is also a substrate of NHK-1 in meiosis. To test this hypothesis, we stained control nhk-1 Z3-0437/+ Drosophila ovaries with an antibody specific to Histone H2AT119ph (Aihara et al. 2004 ). We found that this antibody stained the nuclei of all three ovarian cell types: the follicle cells, the nurse cells, and the oocyte (Fig.  3C,CЈ) . Importantly, Histone H2AT119ph staining of the oocyte chromosomes was strongest at the time of SC disassembly, indicating that the peak of NHK-1 activity coincides with the first defect in the nhk-1 mutant (see below). Analysis of nhk-1 Z3-0437/Df mutant ovaries with the anti-Histone H2AT119ph antibody showed that the staining persisted in the follicle cells and the nurse cells (Fig. 3D ), but did not overlap with the DNA in the oocyte nucleus (Fig. 3DЈ ). This suggests that the Z3-0437 allele specifically affects Histone H2A-T119ph in the oocyte and is consistent with the failure to observe mutant phenotypes in the nurse and follicle cells.
NHK-1 and the histone code
Covalent, post-translational modifications of histones affect chromosome dynamics by altering the pattern of proteins that bind to chromatin, and by affecting other histone modifications (Jenuwein and Allis 2001) . The nhk-1 mutant provided the opportunity to analyze the consequences of lack of Histone H2AT119ph on other histone modifications and on binding of proteins to chromatin.
To explore the chromosomal architecture in the nhk-1 Z3-0437 mutant oocytes, we analyzed the status of a panel of histone modifications (Table 1) . First, localization of Histone H1ph is relevant because it occurs in early prophase, when we observed a phenotype in the nhk-1 Z3-0437 mutant. Second, the localization pattern of HP1 is of interest because HP1 is recruited to chromatin by Histone H3K9me. Therefore, by analyzing HP1 localization, we monitored both the recruitment of proteins to chromatin and, indirectly, the methylation of Histone H3. We found that the karyosomes in the control nhk-1 Z3-0437/+ Drosophila oocytes stained with HP1 ( Fig. 3E ) and Histone H1ph (Fig. 3G ). In addition, we observed localization of HP1 (Fig. 3F ) and Histone H1ph (Fig. 3H ) to the nuclear periphery in the nhk-1 Z3-0437/Z3-0437 mutant oocytes, coincident with the chromosomes. These results suggest that Histone H1ph, localization of HP1, and, indirectly, Histone H3K9me are not affected by a mutation in nhk-1. Therefore, despite the failure to form a karyosome, the chromosomes in the nhk-1 Z3-0437 mutant oocytes are accessible to some chromatin-modifying proteins.
To address the third common histone modification, c The available antibodies to these modifications did not stain Drosophila ovaries reliably to permit evaluation of the mutant.
we analyzed acetylation of Histone H3 and Histone H4 by staining for residue-specific (Histone H3 K9 and K14, and Histone H4 K5, K8, K12, and K16) and general Histone H3 and Histone H4 acetylation. Antibodies against Histone H3K9ac, Histone H4K8ac, and H4K16ac failed to stain the control ovaries ( Table 1 ), indicating that either the acetylations are absent from Drosophila ovaries or that the antibodies are incompatible with the tissue. Histone H4ac (Table 1) and Histone H4K12ac (Fig. 3I,J ; Table 1 ) were present in both control and mutant karyosomes, suggesting that Histone H2AT119ph does not affect these modification in meiosis. Strikingly, we found that Histone H4K5 and Histone H3K14 were acetylated in the karyosomes in the control oocytes (Fig. 3K ,M, respectively), but not in the nhk-1 mutant (Fig. 3L,N , respectively), implying that Histone H2AT119ph is a prerequisite for acetylation of these residues in meiosis.
The SC fails to disassemble in the nhk-1 Z3-0437 mutant
Failure of the mutant oocytes to form a karyosome implicated Histone H2A-T119ph in the formation of this structure. As little is known about the mechanisms of karyosome formation, we sought to explore whether the chromosomes in the nhk-1 Z3-0437 mutant perform the meiosis-specific functions essential to formation of the egg, starting with an examination of homologous recombination early in prophase I.
To address whether recombination occurs normally, we analyzed formation of the SC and of DSBs. We used an antibody against the C(3)G protein, a component of the transverse element of the SC (Page and Hawley 2001) . C(3)G is an excellent marker for SC formation and prophase I progression in the oocyte because of its characteristic localization pattern. Early in oocyte development, C(3)G is progressively restricted to the oocyte, where it localizes in a ribbon-like pattern along the chromosomes ( Fig. 4A ; Page and Hawley 2001) . We found that the initial restriction and the ribbon-like localization of C(3)G in the oocyte nucleus were normal in the nhk-1 Z3-0437/Df mutant (Fig. 4D) . Following completion of recombination in wild-type oocytes, C(3)G dissociates from the chromosomes and is found diffusely throughout the oocyte nucleus, at the time when the chromosomes condense into the karyosome (Fig. 4B,C) . Strikingly, we observed that C(3)G did not dissociate from the chromosomes in the later oocyte stages in the mutant. Instead, C(3)G retained the ribbon-like structure and migrated to the periphery of the oocyte nucleus (Fig. 4E,F) . We obtained similar results with an antibody against another SC component, C(2)M (data not shown). These results suggest that Histone H2AT119ph by NHK-1 is required for disassembly of the SC in Drosophila.
One possibility for failure in SC disassembly is a defect in DSB repair. Persistence of DSBs has been observed in mutants with aberrant karyosomes (Ghabrial et al. 1998; Ghabrial and Schupbach 1999) . To determine whether the defect in SC disassembly in the nhk-1 Z3-0437 mutant is due to failure to repair the DSBs, we analyzed the phosphorylation of Histone H2Av. The Histone H2Av variant is specifically phosphorylated on Ser 139 immediately following DSB formation (Madigan et al. 2002) . We found that DSBs formed in the nhk-1 Z3-0437/Df mutant with frequencies comparable to those in sibling controls (Fig. 5A,C, arrows) . Egg chambers in which recombination is completed no longer show a signal with the anti-Histone H2AvS139ph antibody ( Fig. 5B, arrow ; Jang et al. 2003) . Strikingly, we did not observe persistence of Histone H2Avph in the oocyte nucleus in the nhk-1 Z3-0437/Df mutant (Fig. 5D, arrow) , suggesting that the DSBs are repaired. We observed staining in the nurse cell and follicle cell nuclei in both mutant and control egg chambers, indicating that lack of signal is not due to failure of the antibody to enter the egg chambers. We conclude that the defect in SC disassembly in the nhk-1 Z3-0437 mutant is not due to a failure to repair DSBs and propose that NHK-1 is required for SC disassembly at a step subsequent to DSB repair.
The condensin SMC4 does not localize to chromosomes in the nhk-1 Z3-0437 mutant
Following completion of recombination, the chromosomes in the oocyte nucleus undergo partial condensation to form the karyosome. The molecular mechanism of chromosome condensation during meiotic prophase I is not well understood, although recently the condensin complex was shown to play a role in meiosis in C. elegans (Chan et al. 2004) . Condensin is a conserved protein complex that consists of five subunits: two structural maintenance of chromosomes (SMC) proteins (SMC2 and SMC4) and three chromosome-associated proteins (CAP-D2, CAP-G, and CAP-H/Barren) (Swedlow and Hirano 2003) .
We asked whether the condensin complex plays a role in meiotic chromosome condensation in Drosophila by analyzing the localization of the Drosophila ortholog of SMC4 (Steffensen et al. 2001) . We found that SMC4 localizes to the oocyte chromosomes, and its localization suggests a role in karyosome formation. In the early egg chambers, SMC4 localized to a single focus within the presumptive karyosome (Fig. 6A) . Subsequently, SMC4 spread to several foci within the karyosome (Fig. 6B) . In later egg chambers, the overlap between the DNA and the SMC4 signal was progressively more extensive ( Fig.  6C ) and finally complete (Fig. 6D) .
Failure of the nhk-1 Z3-0437 mutant to form karyosomes suggested a defect in chromosome condensation. To test this possibility, we analyzed the localization pattern of SMC4 in nhk-1 Z3-0437/Df mutant ovaries. Strikingly, SMC4 was diffusely distributed throughout the oocyte nucleus in the nhk-1 Z3-0437/Df mutant oocytes. SMC4 did not colocalize with the DNA at the periphery of the nucleus, suggesting that SMC4 does not to load onto the chromosomes in the nhk-1 Z3-0437 mutant. Figure 6E -H, shows a series of nhk-1 Z3-0437/Df mutant oocyte nuclei at progressively later stages of egg chamber development, illustrating the failure of SMC4 and DNA to colocalize throughout oogenesis. We observed similar results with antibodies against the condensin subunit dCAP-D2 (Savvidou et al. 2005 ; data not shown). These results suggest that the condensin complex plays a role in condensation of the prophase I chromosomes in meiosis, and that loading of the condensin complex requires phosphorylation of Histone H2A by NHK-1 and/or disassembly of the SC. Given that H3 and H4ac increase in the oocyte nucleus at this time, it is also possible that a histone code, dependent on H2AT119ph, triggers disassembly of the SC and assembly of the condensin complex.
Cohesin, another conserved protein complex, is required to hold sister chromatids together from S phase to anaphase (for reviews, see Hirano 2000; Lee and OrrWeaver 2001) . Cohesin consists of two SMC subunits (SMC1 and SMC3) and two non-SMC subunits (SCC1/ Mcd1/Rad21 and SCC3). To determine whether cohesin binding is affected in the nhk-1 mutant, we stained the control and mutant ovaries with a cocktail of antibodies against the SMC1 and SMC3 (S. Bickel, pers. comm.). In both control oocytes and mutant nhk-1 z3-0437/Df oocytes colocalization of cohesin with DNA was observed, suggesting that sister chromatid cohesion is not affected by loss of NHK-1 function (data not shown). Taken together, our findings that the SC persists and cohesin is Z3-0437/Df mutant at later stages of development (arrow) did not stain with the anti-Histone H2AvS139ph antibody, suggesting that the double-strand breaks were repaired and did not persist in the mutant.
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Discussion
In this study, we explored the functional requirements for a newly identified histone kinase in meiosis and found that NHK-1 functions in meiotic progression. The phenotypes of the female-sterile nhk-1 Z3-0437 mutant showed that NHK-1 is required for the establishment of several meiosis-specific chromosomal configurations, including the prophase I karyosome, the metaphase I spindle, and the polar body. Histone H2AT119ph, as well as Histone H3K14ac and Histone H4K5ac, were reduced in the mutant oocytes, whereas the other histone modifications examined were unaffected. Strikingly, disassembly of the SC and loading of condensin failed in the mutant. Therefore, we suggest that NHK-1 and Histone H2AT119ph are required specifically for proper chromosome architecture in meiosis.
Meiosis and the histone code
The histone code hypothesis conjectures functional interactions among histone modifications and between modifications and proteins that bind to them (Strahl and Allis 2000) . It has been postulated that histones have signature modification profiles in meiosis (Kimmins and Sassone-Corsi 2005) to accommodate the meiosis-specific chromosomal events. However, most research in vertebrates has been limited to identifying the modifications and has not provided extensive insight into their function (Kim et al. 2003) .
Our finding that NHK-1 is required for meiosis, presumably via its phosphorylation of Histone H2AT119 (Aihara et al. 2004) , prompted us to examine the presence of other histone modifications in Drosophila oocytes. We found that Histone H1 is phosphorylated, HP1 is bound (indicative of histone H3 methylation), and Histone H3 and H4 are acetylated during prophase I of meiosis in Drosophila. The presence of these histone modifications in oocyte nuclei suggests that they play a role in chromosome dynamics during meiosis. It is of interest to note that Histone H4 and H3 were shown to be acetylated in mouse oocytes in prophase I (Kim et al. 2003) , suggesting an evolutionary conservation. Future analysis of mutations in histone modifying enzymes may shed light on the functions of these modifications in meiosis.
One stipulation of the histone code is that histone modifications affect each other (Strahl and Allis 2000) . To test this hypothesis with respect to Histone H2AT119ph, we examined the panel of histone modifications in the nhk-1 Z3-0437 mutant ovaries. Histone H1ph, HP1 binding, and Histone H4K12ac were unaffected in the mutant oocytes, consistent with Histone H2AT119ph being downstream or independent of them in Drosophila meiosis. In contrast, Histone H3K14ac and Histone H4K5ac were absent specifically from the chromosomes in the nhk-1 Z3-0437 mutant oocytes, indicating that Histone H2AT119ph is a prerequisite for acetylation of these residues. Although the significance of these acetylations is unclear at present, it is intriguing to speculate that they play an important role in meiosis.
Another stipulation of the histone code is that modifications recruit or exclude proteins from binding to chromatin (Strahl and Allis 2000) . One possibility is that Histone H2AT119ph is required for function of the histone acetyltransferases for Histone H3K14 and Histone H4K5, the residues that lack acetylation in the mutant oocytes. There is a precedent for such a cascade of dependencies in transcription: Phosphorylation of H3 Ser 10 leads to acetylation of H3 Lys 14 (Jenuwein and Allis 2001) . Histone H2AT119 phosphorylation may also be a prerequisite for proper chromosomal associations of SMC4 and for dissociation of the SC.
In conclusion, Histone H2AT119 phosphorylation appears to affect both other histone modifications and the binding of proteins to chromatin as predicted by the histone code hypothesis. Histone H2AT119 phosphorylation by NHK-1 may, therefore, be a key component of a meiotic histone code in oocytes.
How does the karyosome form?
The Drosophila karyosome is a subnuclear organelle comprised of the prophase I chromosomes. It is the best studied example of a family of similar structures found throughout evolution (Gruzova and Parfenov 1993) . Although the exact function of the karyosome is unclear, several Drosophila mutants that disrupt karyosome structure (this study; see below) lead to female sterility, suggesting that karyosome formation is required for fertility. In addition, it has been postulated that retaining the oocyte chromosomes in close proximity within the large oocyte nucleus (the germinal vesicle) facilitates proper chromosome segregation during the meiotic divisions (Gruzova and Parfenov 1993; Homer et al. 2005) . Therefore, understanding the molecular mechanisms that regulate karyosome formation is of great interest.
The spindle mutants in Drosophila (spindle-B, spindle-D, and okra) are characterized by defects in karyosome formation, in establishment of the dorsal/ ventral polarity of the oocyte and the egg, and defects in repair of the DSBs following recombination (Ghabrial et al. 1998; Ghabrial and Schupbach 1999) . The nhk-1 Z3-0437 mutant does not show either of the latter phenotypes, consistent with the NHK-1 histone kinase having a primary role in karyosome formation, whereas the spindle mutants may affect karyosome function as a secondary consequence of other defects. The specific requirement for NHK-1 implicates Histone H2AT119ph in formation of the karyosome. The conservation of the NHK-1 kinase and Thr 119 in Histone H2A among diverse species suggests that this histone modification plays a conserved role in chromosomal dynamics in meiosis.
Is NHK-1 required at multiple steps during meiosis?
The nhk-1 Z3-0437 mutant showed several interesting phenotypes in the oocyte. First, all embryos laid by mu-tant females showed aberrant polar bodies and an arrest at metaphase of the first mitotic division. Second, we observed a defect in the metaphase I arrest in 50% of late-stage oocytes. Finally, the karyosome failed to form in all early oocytes. It is not clear how the dispersed chromosomes in the mutant karyosomes later form three masses at metaphase I, but it suggests that the chromosomes are not fragmented and that bivalent associations are retained.
These results can be interpreted in two ways. First, NHK-1 may be required continuously throughout meiosis for each of the events affected by the Z3-0437 mutation. Continuous requirement may be due to multiple substrates or due to dynamic Histone H2A phosphorylation and dephosphorylation. Second, NHK-1 function may be required specifically for karyosome formation, whereas the metaphase I and the embryonic phenotypes may be a consequence of the karyosome defect. This model suggests that Histone H2AT119ph serves as an epigenetic mark that contributes to proper completion of later events, such as establishment of the metaphase I arrest and progression through the first mitotic division. To test whether the early mitotic defects in the nhk-1 mutant were due to a failure to load condensin in mitosis, we examined the dCAP-D2 condensin subunit and found it localized onto chromosomes in embryos from nhk-1 mutant females (Savvidou et al. 2005 ; data not shown). Nevertheless, we think it likely that NHK-1 plays essential roles in mitosis that may be revealed by additional alleles of nhk-1.
Does NHK-1 function outside the oocyte?
Histone H2AT119 is phosphorylated in the follicle cells, the nurse cells, and the oocyte, suggesting that NHK-1 functions in all three ovarian cell types. However, we observed mutant phenotypes specifically in the oocyte. There are two reasons why Histone H2A phosphorylation persists in the mutant nurse and follicle cells and mutant defects were not observed. First, Histone H2A may be phosphorylated by another kinase in the nurse and follicle cells. Second, NHK-1 may phosphorylate Histone H2A in all cell types, but the oocyte may require higher levels of kinase activity for phosphorylation. The levels of Histone H2AT119ph may be reduced in the mutant nurse and follicle cells, but the concentration on these polyploid chromosomes could still permit detection by the antibody. We favor the second idea because partial loss-of-function alleles of essential genes often lead to female sterility. Our observation that the nhk-1 Z3-0437 /Df(3R)Tl-I allelic combination has a stronger mutant phenotype than the nhk-1 Z3-0437/Z3-0437 allelic combination is consistent with nhk-1 Z3-0437 being a partial loss-of-function allele. Stronger alleles of nhk-1 may, therefore, reveal additional requirements for this kinase in other cell types, including in male meiosis.
In conclusion, by using a female-sterile Drosophila mutant, we uncovered a key step in the formation of the karyosome, a conserved structure with an elusive function. Based on the analysis of the mutant phenotype, we propose the following model for karyosome formation: Following DSB repair and dephosphorylation of Histone H2AvS139, phosphorylation of Histone H2AT119 by NHK-1 leads to disassembly of the SC, loading of condensin onto the chromosomes, and subsequent condensation into a karyosome. In addition to providing insight into karyosome formation, the nhk-1 Z3-0437 mutant is an excellent tool for elucidating the interactions of a specific histone modification within the histone code.
Materials and methods
Genetic and molecular mapping
To identify the gene mutated in the Z3-0437 line, we performed complementation analysis with a series of third-chromosome deficiencies (Bloomington Stock Center) and identified lines Df(3R)Tl-P and Df(3R)Tl-I that failed to complement the female sterility of Z3-0437. To refine the region, we employed sitespecific male recombinational mapping (Chen et al. 1998 ) using the EP3619, EP1141, and EP3030 lines. The combination of these two methods localized the mutation to a region of 13 genes. DNA sequencing of exons in this region revealed a mutation in the CG6386/bällchen/nhk-1 gene.
Genomic DNA for sequencing was isolated from five males homozygous for the Z3-0437 mutation or a reference strain from the same screen (Koundakjian et al. 2004 ), essentially as previously described (Ballinger and Benzer 1989) . Sequencing was performed at the Massachusetts Institute of Technology Center for Cancer Research, Howard Hughes Medical Institute Biopolymers Laboratory.
In situ hybridization
In situ hybridization (Tautz and Pfeifle 1989 ) was performed as previously described (Royzman et al. 1997) . Ovaries from wildtype (y, w) fattened females were dissected in Grace's medium and hybridized at 55°C. Digoxygenin-labeled sense and antisense RNA probes were made according to the manufacturer's instructions (Roche Applied Sciences). The 1.6-kb CG6386/ bällchen/nhk-1 ORF was amplified by PCR, using primers PR203 (5Ј-TGGCCCGGCATTTCG-3Ј) and PR205 (5Ј-CTATC GAATTCAGTAAATGTAGG-3Ј). The PCR product was cloned into the pCRII-TOPO vector (Invitrogen). The sense probe was transcribed using the T7 promoter in the vector, and the antisense probe was transcribed using the Sp6 promoter in the vector.
Protein extracts and immunoblot analysis
Drosophila ovarian protein extracts were prepared by an acid extraction procedure to ensure that chromosomal proteins were extracted from the chromosomes. Ovaries from ∼50 females were dissected in Grace's insect medium (Gibco) after 2 d at 25°C on protein-rich food. The ovaries were washed in 1 mL of PBS and were resuspended in 5 volumes of lysis buffer (10 mM HEPES at pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 1.5 mM PMSF). Following homogenization, sulfuric acid was added to 0.4 N final concentration and the homogenate was incubated on ice for 30 min. Following centrifugation for 10 min at 4°C, the supernatant was transferred to a Slide-A-Lyzer dialysis cassette (Pierce) and the acid was dialyzed according to the manufacturer's instructions.
The proteins were separated by SDS-PAGE followed by transfer to nitrocellulose. The anti-NHK-1 antibody was used at a
